We have developed an AFLP-based gene expression pro®ling method called`high coverage expression pro®ling' (HiCEP) analysis. By making improvements to the selective PCR technique we have reduced the rate of false positive peaks to~4% and consequently the number of peaks, including overlapping peaks, has been markedly decreased. As a result we can determine the relationship between peaks and original transcripts unequivocally. This will make it practical to prepare a database of all peaks, allowing gene assignment without having to isolate individual peaks. This precise selection also enables us to easily clone peaks of interest and predict the corresponding gene for each peak in some species. The procedure is highly reproducible and sensitive enough to detect even a 1.2-fold difference in gene expression. Most importantly, the low false positive rate enables us to analyze gene expression with wide coverage by means of four instead of six nucleotide recognition site restriction enzymes for ®ngerprinting mRNAs. Therefore, the method detects 70±80% of all transcripts, including noncoding transcripts, unknown and known genes. Moreover, the method requires no sequence information and so is applicable even to eukaryotes for which there is no genome information available.
INTRODUCTION
With the vast amount of sequence information now available for genomes, genome-wide expression pro®ling provides a powerful tool for studying genes involved in various biological phenomena. Several good hybridization-based microarray methods have been developed to date (1±3), but they require sequence information for their analysis and leave room for improvement in the areas of reproducibility, coverage (percentage of expressed genes that are observable) and cost (4±7). On the other hand, there are gene expression pro®ling methods that do not require cDNA information such as differential display and arbitrarily primed polymerase chain reaction (8, 9) . However, these methods suffer from a high rate of false positives, up to 50% (10, 11) . Often false positive peaks overlap with real peaks, making it dif®cult to do gene expression pro®ling with wide coverage.
Here we report on the development of an expression pro®ling method,`high coverage gene expression pro®ling' (HiCEP). This method was developed through substantial improvement, including improving the false positive rate, of the ampli®ed fragment length polymorphism (AFLP) technique (12) .
MATERIALS AND METHODS

Preparation of RNAs
Mouse embryonic ®broblasts (MEF) were prepared and exposed to 7 Gy irradiation (Pantac HF320; Shimadzu) and incubated for 3, 6 and 24 h at 37°C in 5% CO 2 . After incubation, each cell sample was used for preparation of mRNA. A total of 1.5 mg of mRNA prepared from MEFs, mouse embryonic stem (ES) cells and yeast cells with Fast TrackII (Invitrogen, Carlsbad, CA) was digested with DNase I (1.5 U/ml at 25°C for 15 min) and used for the HiCEP reaction.
Creation of HiCEP template
First strand cDNA was synthesized using a SuperscriptÔ First-Strand Synthesis System (Invitrogen) with 100 pmol of 5¢ biotinylated oligo(dT) primer (5¢-biotin-TTTTTTTTT-TTTTTTTTTV-3¢) and the second strand was synthesized according to the protocol of the manufacturer (Invitrogen). As shown in Table 1 , HiCEP analyzes two types of cDNA populations, MspI-MseI-poly(A) and MseI-MspI-poly(A). Here we describe the method for MspI-MseI-poly(A) mRNA. The double-stranded cDNA (dscDNA) was digested with 50 U MspI (TaKaRa, Ohtsu, Japan) followed by ligation to 5.0 mg of MspI adapter (5¢-AATGGCTACACGAACTCG-GTTCATGACA-3¢ and 5¢-CGTGTCATGAACCGAGTTCG-TGTAGCCATT-3¢) with 400 U T4 DNA ligase (NEB, Beverly, MA). The ligated products bearing biotin at the 5¢-terminus were bound to magnetic beads coated with streptavidin (Dynabeads M-280 Streptavidin; Dynal, Oslo, Norway) and washed twice with 1.0 ml of washing buffer *To whom correspondence should be addressed. Tel: +81 43 206 3129; Fax: +81 43 251 4593; Email: abemasum@nirs.go.jp (5 mM Tris±HCl pH 7.5, 0.5 mM EDTA, 1.0 M NaCl). The cDNA fragments on the magnetic beads were digested with 20 U MseI (NEB) and then the supernatant including the digested fragments was collected. Ligation was performed with 10.2 pmol MseI adapter (5¢-AAGTATCGTCACGAG-GCGTCCTACTGCG-3¢ and 5¢-TACGCAGTAGGACGCC-TCGTGACGATACTT-3¢) using 400 U T4 DNA ligase in the presence of 2 U MseI in 15 ml of reaction mixture. To this was added 1485 ml of 0.1Q TE (1.0 mM Tris±HCl pH 8.0, 0.1 mM EDTA), and 1.0 ml of the resulting solution was used as a template for selective PCR.
Selective PCR
The selective PCR step in HiCEP analysis is based on AFLP (12) . We used¯uorescently labeled primers in PCR for detection. For labeling, 6-carboxy¯uorescein (FAM), VIC and NED were used for 6, 5 and 5 of the 16 primers, respectively. We used HPLC-puri®ed grade primers and the synthesis scale was 0.2 mmol (Applied Biosystems, Foster City, CA). Thē uorescently labeled primer was designed to match the MspI adapter; 16 sequences of MspI-NN primers (5¢-label-ACTCGGTTCATGACACGGNN-3¢) and 16 sequences of MseI-NN primers (5¢-AGGCGTCCTACTGCGTAANN-3¢) were synthesized. The mixture was 4.0 pmol of MspI-NN primer, 10.0 pmol of MseI-NN primer, 40 nmol of dNTPs, 1Q Titanium DNA polymerase buffer and 1Q Titanium DNA polymerase (Clontech, Palo Alto, CA) in 20 ml solutions. The PCR conditions were 95.0°C for 1 min and 28 cycles of 95.0°C for 20 s, 71.5°C for 30 s and 72.0°C for 1 min, followed by 60.0°C for 30 min.
Electrophoresis and data analysis
The PCR products labeled with three different¯uorescent dyes were mixed and 10 ml of formamide, 0.3 ml of GeneScan 500 ROX (Applied Biosystems) and 0.4 ml of GeneScan 1000 Red Dye (Applied Biosystems) were added to 3.0 ml of the mixed solution. The products were denatured and loaded on an ABI Prism 310 (Applied Biosystems) for electrophoresis. The conditions of injection were 15.0 kV for 5 s for a sample and 15.0 kV for 45 min in 310 POP4 for the electrophoresis (Applied Biosystems). The data analysis was performed using GeneScan 3.1.2 (Applied Biosystems).
Fractionation and sequencing of peaks of interest
An aliquot of 1 ml of HiCEP analysis products, 2.7 ml of formamide, 0.3 ml of GeneScan 500 ROX (Applied Biosystems) and 2.0 ml of 10Q loading buffer (TaKaRa) were mixed, denatured by incubation at 95.0°C for 2 min and loaded on a denaturing gel: 4, 6 or 10% polyacrylamide containing 7.0 M urea. The conditions of electrophoresis were 1500 V for 4 h. Fluorescence from HiCEP analysis products was detected with a Typhoon 9210 (Amersham Biosciences, Piscataway, NJ) and slices of gel containing the bands of interest were cut out. The gel slices were suspended in 60 ml of TE buffer and 2.0 ml of it was used for PCR with MspIuniversal-T7 primer (5¢-TAGGTAATACGACTCACTATA-GGGCGAATTGGGTACTCGGTTCATGACACGG-3¢) and MseI-universal primer (5¢-AGGCGTCCTACTGCGTAA-3¢). DNA sequencing was carried out using T7 primer (5¢-TAATACGACTCACTATAGGG-3¢).
Real-time PCR
Samples of 5 mg of total RNA were treated with RNase-free DNase I (Invitrogen) and used with a SuperscriptÔ FirstStrand Synthesis System (Invitrogen). The reaction was performed according to the manufacturer's protocol using an oligo(dT) 18 primer (5¢-TTTTTTTTTTTTTTTTTT-3¢). The ®rst strand cDNA was diluted to 1/10 with 0.1Q TE and used as the template for the quantitative PCR. The real-time PCR (SYBR Green PCR Master Mix; Applied Biosystems) was performed and analyzed using an ABI Prism 7700 (Applied Biosystems). The primers for the mouse p21 gene were 5¢-TCTCAGGGCCGAAAACGGAG-3¢ and 5¢-ACACAGAGT-GAGGGCTAAGG-3¢. The PCR conditions were 95.0°C for 10 min and 50 cycles of 95.0°C for 15 s, 60.0°C for 30 s and 78.0°C for 40 s. The data were normalized in relation to the expression level of the glyceraldehyde phosphate dehydrogenase (GAPDH) gene.
RESULTS
Reaction
A¯ow chart of the HiCEP method is shown in Figure 1 . This method is based on the mRNA ®ngerprinting technique for detection of restriction fragment length polymorphisms. Poly(A) RNAs were prepared from cultured cells or tissues of interest and ®rst strand cDNA was synthesized using biotinylated oligo(dT) primer. Second strand cDNAs were then synthesized and subjected to digestion with the restriction enzyme MspI or MseI, followed by adapter ligation. After the ligation step, cDNAs were trapped using magnetic beads coated with avidin and excess adapters, including the adapter dimer, were washed off. This process allowed collection of single tag fragments from each mRNA molecule. Selective PCR, used in the AFLP procedure (12) , was used for ampli®cation of the cDNA fragments, and the products with uorescently labeled primer were then analyzed by capillary electrophoresis. The selective PCR procedure reported to date is not capable of precise selection of the corresponding sequences; 50% of its peaks are false positives (10,11). The presence of many overlapping peaks generated by false positive peaks causes two experimental dif®culties, one in fragment cloning and the other in assessing quantitative changes in gene expression. Therefore, we strove to improve the accuracy of selective PCR in HiCEP analysis through extensive optimization of the selective PCR conditions. We randomly picked 4000 peaks and determined their sequences. We found that 3836 (95.9%) of the peaks appearing in electrophoresis were ampli®ed with precise selection or, stated conversely, only 4.1% (164 peaks) were false positives. Of these 164, 106 were caused by a mismatched 5¢ adapter side nucleotide in a primer and the other 58 by a mismatched 3¢ donor side nucleotide. This high level of precise selection was demonstrated in Mus musculus mRNAs.
Reproducibility and sensitivity
The results of four independently performed HiCEP analyses using the same poly(A) RNA preparation are shown in Figure 2A . Each peak corresponds to a single transcript and the peak area represents the quantity of mRNA molecules. Number, position and intensity of peaks were all highly reproducible, as demonstrated in four independent analyses. The reproducibility as tested with 2000 HiCEP peaks using 1.5 mg of mRNA as starting material is shown in Figure 2B . The peak intensity ratio between two independent experiments was 1.0001, with a standard deviation of 0.0739, indicating that HiCEP analysis can distinguish even 1.15-and 1.22-fold differences with 95 and 99% reliability, respectively. In this 
paper we focus our discussion on the reproducibility of reactions in the steps involved after the RNA preparation step, because the preparation of cells or tissues is carried out on a case-by-case basis. In actual experiments, however, the reproducibility of the cell and RNA preparation steps is also critical. The high reproducibility of HiCEP analysis was demonstrated with RNAs independently prepared from different cell fractions (Fig. 2C) .
The ampli®cation ef®ciency of PCR depends on the nucleotide composition and sequence of template DNAs and, therefore, the optimum number of PCR cycles for quanti®cation varies from template to template within the same sample. To achieve proportional ampli®cation of cDNAs from the whole mixture of mRNA molecules, we targeted our PCR to a short region of cDNA close to the poly(A) tail, mostly in the 3¢ untranslated region (3¢-UTR), which is known to be low in GC content. The use of four nucleotide recognition site restriction enzymes for mRNA ®ngerprinting enabled us to generate short fragments, almost all less than 700 bp in length (Table 1) . Optimizing the number of PCR cycles resulted in the production of fragments with similar ampli®cation ef®ciencies, independent of the fragment length and nucleotide sequence. All peaks reached a plateau phase of ampli®cation at 28 cycles of PCR under the conditions used (Fig. 3) . Similar ef®ciencies of PCR among different fragments may be due to the fact that almost all cDNA fragments ampli®ed by our system are AT-rich and less than 700 bp in length.
To ®nd out how accurately the intensity of¯uorescence re¯ected the original amount of mRNA in the initial reaction mixture, we carried out HiCEP analysis using mRNA from Saccharomyces cerevisiae and Schizosaccharomyces pombe mixed in various ratios. RNA samples mixing 2.0, 1.0, 0.2 or 0.02 mg of S.pombe mRNA with 2.0 mg of S.cerevisiae mRNA were used as templates. We observed a clear correlation between the signal intensities and the initial amounts of mRNA used. Comparison of the peaks corresponding to 1 and 2 mg of S.pombe RNA showed clear resolution of the 2-fold difference in the amount of RNA, shown by the red peaks in Figure 4A . Analyzing 100 randomly chosen S.pombe HiCEP peaks, we found a linear relationship between the starting amount of mRNA and signal intensity (Fig. 4B) .
Experiments with four mRNAs prepared by in vitro transcription showed that HiCEP can quantitatively detect (B) Amount-dependent signal demonstrated by 100 randomly picked HiCEP peaks. We analyzed 100 S.pombe peaks (i.e. red peaks) for varying amounts of S.pombe mRNA and plotted their intensities relative to the intensities of the compounding peaks using 1.0 mg of S.pombe mRNA (indicated by the red dot). Average relative intensity and standard deviation are shown. (C) Minimum number of copies detected by HiCEP. Various amounts of poly(A) RNA, synthesized with an in vitro transcription system, were added during the total RNA extraction step for S.cerevisiae. HiCEP provided a peak for the synthetic RNA at the expected position (vertical arrow). Data from ®ve independent experiments are overlaid. The amount of synthetic RNA added to each reaction is indicated by the number of copies per cell. Peak detection with diluted samples (factor of 1/10) is also shown in the lower panel. An asymmetric peak (asterisk) is found in the analysis at 1000 copies/cell. A saturated peak frequently generates a mechanical artifact (ghost peak) downstream. transcripts in a range as low as 1±500 copies/cell (Fig. 4C ). This extremely high sensitivity permits detection of mRNA molecules expressed in a few cells of a heterogeneous cell population.
In another experiment, we observed induction of p21 in MEFs by ionizing radiation (IR) using HiCEP. mRNA samples were prepared at 0, 3, 6 and 24 h after exposure and two HiCEP analyses were performed with each sample (Fig. 5A) . The magni®ed p21 peaks demonstrate an ability to reproducibly detect a slight expression change (Fig. 5B) , and the expression change was con®rmed by real-time PCR (Fig. 5C ). Isolation and sequencing of this peak revealed that it was derived from the p21 transcript.
Coverage PCR-based technologies for mRNA quanti®cation have been successfully used for identi®cation of certain genes showing expression changes (8, 13) . The low rate of false positive peaks in HiCEP enabled us to use four nucleotide recognition site restriction enzymes for ®ngerprinting of cDNAs and to detect expressed genes with high coverage. An in silico study revealed that 79.9 and 85.0%, respectively, of the cDNAs converted from mRNA have both recognition sites in mice and humans and 74.5 and 79.8%, respectively, of these are within the range easily resolved using standard capillary electrophoresis (between 40 and 700 bp in length, and thus can be detected as HiCEP peaks (Table 1) . Using more enzyme combinations, we can achieve nearly 100% coverage. The relationship between coverage and enzyme combinations is shown in Figure 6 .
We used S.cerevisiae as a test case to experimentally determine the coverage of HiCEP analysis. Saccharomyces cerevisiae is the only eukaryote for which all ORFs (5726 genes) are known (14) . Under the culture conditions used, 72.55% of these genes were expressed (15) . Our analysis requires sequence information on both the 3¢-UTR and ORF of each gene to successfully assign peaks to corresponding genes. Few yeast cDNA sequences, however, have been analyzed and deposited in the public databases, presumably because most yeast genes lack introns and therefore the information on genomic DNA is suf®cient for functional analyses. During the course of our study, therefore, we determined the nucleotide sequences of approximately 10 000 ESTs, with particular emphasis on the 3¢-UTR to determine non-coding exons and heterogeneity of poly(A) sites. Our studies demonstrated that an average of seven different mRNA transcripts are produced from each ORF, apparently because of polyadenylation at heterogeneous sites, but that only 1.125 HiCEP peaks on average were generated from them (data not shown).
The number of expressed transcripts predicted was 4956 and the number actually detected by HiCEP analysis was 3638, for a calculated coverage rate of 73.41%. Meanwhile, a study using the public EST database and our own EST database revealed that 71.0% of the genes of S.cerevisiae contain both MspI and MseI enzyme recognition sites (Table 1) . Thus HiCEP analysis experimentally detected 103.39% of the predicted number of transcripts. To be sure, some of the expressed transcripts detected by HiCEP are noncoding, but the number of these is believed to be small (14) . HiCEP analysis is the ®rst PCR-based method for which a wide coverage of expressed genes has been veri®ed experimentally.
Evidence using other species further supports the high coverage rate. We tested whether HiCEP analysis could detect the induction of ®ve randomly chosen IR-inducible genes in mice: p21, Gadd45, CyclinG, Mdm2 and Bax. We successfully detected the induction of the ®rst four in response to IR (Fig. 4A and D) , but not Bax, because Bax lacks the recognition sites used in the HiCEP analysis. The predicted fragment lengths from the databases are 212, 626, 1055 and 358 bp for p21, CyclinG, Mdm2 and Gadd45, respectively. In contrast, experiments using capillary electrophoresis estimated the fragment lengths to be 210.42, 628.85 and 355.60 bp for p21, CyclinG and Gadd45, respectively. The size of Mdm2 could not be determined by electrophoresis, because the molecular weight marker was not available. Cloning and sequencing of these peaks were performed to con®rm the results. In addition, HiCEP analysis was able to detect almost all of the mating type-speci®c genes by comparing MATa with MATa yeast strains (data not shown).
Assigning HiCEP peaks to genes
We adopted two methods for assigning HiCEP peaks to their corresponding genes: (i) prediction using the sequence information available in the public database and our ESTs; (ii) actual fractionation and sequencing. At present, prediction is possible and ef®cient with S.cerevisiae because of the existing body of knowledge about its entire genome sequence. However, it is not ef®cient for humans or mice because we don't have enough information about their cDNAs. Capillary electrophoresis can usually discriminate even 1 bp differences in length. Resolution near big peaks sometimes decreases, but even in these cases differences of 2 or 3 bp in length can be discriminated. In addition, overlapping peaks appear in some species that have a large number of genes. Therefore, at present, cloning and sequencing are more effective for humans and mice. Currently, more than 100 HiCEP peaks can be fractionated per day and their corresponding DNA sequences determined. In addition, the false positive rate of~4% will enable us to prepare a database of all peaks, allowing gene assignment without having to isolate and sequence peaks of interest.
DISCUSSION
We expected to detect more than 70% of the expressed genes using four nucleotide recognition site restriction enzymes, and this was con®rmed experimentally using an RNA sample from S.cerevisiae.
We also further optimized the selective PCR procedure to reduce false positive peaks. Sequencing 4000 randomly chosen peaks showed that 95.9% of the peaks identi®ed by the HiCEP analysis were positives. This enabled us to assign almost all peaks to a corresponding gene or transcript and then to analyze the huge number of peaks generated by the HiCEP reaction using four nucleotide recognition site enzymes with few overlapping peaks. We could even exclude the remaining 4.1% of false positive peaks by comparing the results obtained from two HiCEP analyses performed at different temperatures for the elongation step, 68.0 and 71.5°C. Only false positive peaks showed decreased intensity at 71.5°C.
Most existing PCR-based mRNA ®ngerprinting methods use oligo(dT) primers and consequently suffer from certain associated problems. One such problem is the complexity of data, including multiple peaks from a single ORF, due to missannealing of primers or the heterogeneity of polyadenylation sites in mRNA (16, 17) . To overcome these dif®culties, we optimized the PCR conditions and adapter sequences. All peaks in each PCR reaction are ampli®ed in a competitive PCR fashion with an adapter-speci®c primer set, and so the reproducibility of the relative intensity of the peaks in each primer set, usually containing approximately 100 peaks, is extremely high. These improvements paved the way for gene coverage of more than 70% and high reproducibility.
Unlike hybridization-based methods, HiCEP analysis requires the cloning of peaks of interest after fragment separation by capillary electrophoresis. Although this may seem to be a disadvantage, HiCEP does not require any genome-wide information for its analysis and therefore can be used for any eukaryote. The low false positive rate of HiCEP peaks allow us to isolate peaks of interest easily and, furthermore, enables us to obtain information on peaks of interest without having to isolate them.
HiCEP analysis can distinguish even 1.2-fold differences in gene expression, allowing elucidation of the detailed time course of gene expression. Its ability to detect non-coding transcripts will contribute to understanding gene expression regulation at the RNA level (18, 19) .
